Motivation: Metabolic networks combine metabolism and regulation. These complex
Introduction
MetNet3D integrates interactions between large-scale metabolic networks and gene expression data in a three-dimensional (3D), stereoscopic, and fully immersive virtual reality (VR) system. VR has been shown to be a powerful tool to visualize, explore, and manipulate complex data from a variety of disciplines (Cruz-Neira, Leigh et al. 1993) . VR may be particularly well suited for metabolic networks due to the complex structures that represent metabolic processes. These structures and their relationships are not well known to scientists, and are difficult to investigate and understand on a large scale through traditional biological research and analysis methods. VR offers a unique perspective to scientists by immersing them in their data and giving them an intuitive control for navigation and exploration of the metabolic network. In such an environment, a scientist can observe internal complexities, follow a particular pathway, and gain better understanding on the different relationships among all elements of the networks. Furthermore, VR enables a group of scientists to simultaneously investigate the network by simply stepping into the projection system, providing an excellent "interactive whiteboard" to validate ideas, communicate results, and discover new concepts.
While VR is being successfully applied to scientific visualization (e.g., medicine, architecture, etc.), there has been emerging research in the VR community to study the benefits of VR in abstract information visualization. Many studies have shown that users learn how to manipulate and understand data more quickly in VR environments than in conventional 3D desktop visualizations. For example in (Nelson, Cook et al. 1999) , a group of experienced statisticians were asked to analyze data using their conventional software and using a VR environment. The group in the VR environment was almost twice as effective (in terms of time, fewer errors, and extracting more information) at finding patterns and relationships, than the group using the conventional tools. Ware's studies (Ware, Hui et al. 1993; Ware and Franck 1994) quantified the benefits of using VR for complex graph visualization. Ware found that for any given error rate, graphs viewed in stereoscopic VR can be three times as large, in terms of the number of nodes, as graphs projected onto a 2D plane. Maletic et al. showed that software visualization in VR makes it easier to understand programs in development, maintenance, and reengineering stages than UML (Unified Modeling Language) diagrams (Maletic, Leigh et al. 2001) .
Most current methods for visualizing biological networks use two-dimensional (2D) graph models to represent pathways (Karp and Paley 1994; Becker and Rojas 2001; Dickerson, Cox et al. 2001; Schreiber 2002; Schreiber 2003) . These 2D graph-based models of metabolic networks are overloaded since edges and nodes must represent multiple concepts such as chemical reactions, rates, cell compartment identification, lab test results, etc. Three-dimensional graph visualization can create a novel integrated information workspace for the study of metabolic networks. The extra dimension gives greater flexibility for placing nodes and edges, and edge crossings can always be avoided. Graph layout algorithms have been successfully applied to 3D space to use more dimensions for pathway data display. Brandes (Brandes, Dwyer et al. 2003) focuses on comparing pathways across species. Each pathway is drawn in one layer; then the layers are ordered in the third dimension such that the most similar pathways are adjacent. Rojdestvenski (Rojdestvenski 2003 ) statically models metabolic networks as graphs in 3D space using Virtual Reality Modeling Language (VRML). Previous work by Dickerson (Dickerson, Yang et al. 2003) displays 3D networks and allows the user to interactively visualize reactions of interest within the entire metabolic network in stereoscopic VR.
Work has also been done to combine gene expression and pathways within the metabolic networks mostly by superimposing gene expression data onto static KEGG and Aracyc pathway diagrams (Detlef, Christopher et al. 2000) . In FCModeler (Dickerson, Berleant et al. 2003) , a program for the dynamic display modeling of regulatory and metabolic networks, color animation highlights the gene expression values in the display.
The work presented in this paper builds on these techniques to produce 3D network representations to be explored in VR. One critical aspect is to automatically generate and lay out those networks based on user's actions and information requests. The algorithms are described in detail later in this paper.
System and Methods

MetNet3D Implementation
MetNet3D is written in C++ and Java. It uses three application programming interfaces (APIs), all of which are open-source: VRJuggler (http://www.vrjuggler.org/) is a flexible development platform for VR applications (Bierbaum, Just et al. 2001) ; OpenSG (http://www.opensg.org/) is an OpenGL based API for graphics scene construction and rendering (Reiners, Vo et al. 2002) ; and R (http://www.r-project.org/) is a statistical application for online clustering and other data processing (Ihaka and Gentleman 1996) . This work uses the C6, a 6-wall surround-screen projection-based virtual environment based on the CAVE system (Cruz-Neira, ) equipped with stereo glasses, a 6 degreeof-freedom head tracker and joystick (http://www.vrac.iastate.edu/about/labs/c6/). The user has a stereoscopic view of the geometric scene representing the pathways information and gene expression data. The head tracker enables the stereo rendering of the scene based on the position and orientation of the viewer's head. The joystick is used to navigate through the metabolic network and to choose nodes from a pathway network or genes from the 3D plot.
MetNet3D can run on a wide range of virtual reality and visualization platforms because it is built on VRJuggler. It provides abstraction from the underlying display and interaction platform, therefore allowing applications to run in a range of immersive environments such as the C6, head-mounted displays, workbenches and others, as well as in conventional desktop environments. 
User Interface for Detailed Text Information
One of the challenges is that nodes and edges in metabolic networks contain more information than those revealed by the visual metaphors mentioned in Tables 1 and 2 User Interface (GUI) that can be operated from a tablet PC is connected to Metnet3D through a wireless network. This GUI, called Tweek, is part of the VR Juggler suite that enables compatibility with traditional keyboard and mouse interactions (Hartling, Bierbaum et al. 2002) . Figure 1(a) shows Tweek being used in a Tablet PC in an immersive environment. In Metnet3D, the Tweek interface lists textual annotations for the nodes and edges in the currently loaded metabolic network, such as EC numbers, gene family information, and pathway names. One of the main advantages of using VR Juggler and Tweek in Metnet3D is that the application can be transparently moved from the immersive system to the desktop.
Visual Metaphors for Gene Expression Data
MetNet3D represents microarray expression data as a 3D plot as shown in 
Global Layout of the Entire Pathway Network
Navigating through entire network gives the user a good understanding of the data structure and serves as the starting point of the exploration. The layout method for the entire network in MetNet3D is a modified 3D Graph-Embedder (GEM-3D) algorithm (Bruss and Frick 1995) . This is a spring-embedder approach, in which each edge acts as a spring and exerts a repulsive or attractive force upon the two nodes attached to it, dependent on the distance between them. The spring system converges to an equilibrium state with minimum energy. GEM-3D adds a gravitational force and several heuristics to speed up the convergence. This algorithm can be modified by changing the weight of the attractive force of some edges. In the 'impulse computation' in the original GEM-3D algorithm, the attractive force of edge (µ, ) contributes to the impulse of node according to the following equation,
where is the vector from the current position of µ to the current position of , is the length of the vector, E is the desired edge length, and ( ) is a function that grows with the degree of . Adding a weighting factor to the equation scales up/down the attractive force between µ and . By setting the weighting factors as a constant large than 1, nodes can be placed closer together. For example, edges between enzyme nodes and reaction nodes are shorter than edges between metabolite nodes and reaction nodes.
Fan Layout of Reactions of Interest
The global layout reveals the overall structure of the metabolic network to users.
Users may also be interested in a more detailed view of a specific metabolite. MetNet3D can bring them Reactions of interest (ROI) focusing on a user-selected metabolite. A ROI is defined as the set of all metabolic reactions a metabolite takes part in. The metabolite is called a focus node. Users can interactively choose focus nodes by using the joystick or through the Tweek GUI.
A layout algorithm, called a fan layout, is proposed to draw ROIs. In the fan layout, the reactions are around the focus node (Figure 4) , like leaves of a fan. Each reaction is drawn following the convention that all substrates are on one side of the reaction node, all products on the other side, and all enzymes are above the reaction node. One uniform property of metabolic reactions, i.e. the hierarchical structure among enzymes (genes, RNA, polypeptides, protein complex) forms a quasi-tree rooted at the reaction node, helps to automatically draw the isolated reaction. A node (other than the focus node) may involve N (N>1) reactions in a ROI, causing a conflict between the drawing of N isolated reactions. To resolve this conflict, the node splits into N copies. Each reaction has a copy of the node. This procedure is called a node split. The algorithm for the fan layout is given in the Supplementary Notes.
Figure 4. A fan layout of reactions of interest focusing on 'GMP' (the node in the center with a red label).
The fan layout shows how the focus node participates in metabolic reactions as shown in Figure 4 . The fan layout can be rotated so that at each time there is a single reaction facing the user, giving a better view of each reaction.
Radial Layout of Reactions of Interest
A key role of genes in metabolic networks is to encode proteins that catalyze reactions.
In the graph model, the edges go out from the genes to the reactions that their encoded proteins catalyze. This property makes the radial layout (Eades 1992) applicable. The radial layout algorithm arranges all the children nodes on a circle around the parent node. In MetNet3D, the radial layout algorithm arranges the reaction nodes on a circle around the gene ( Figure 5 ). It shows which reactions a gene product catalyzes. The radius of the circle is the minimum distance that guarantees that there is no overlap between any two reactions. The detailed algorithm is given in the Supplementary Notes. 
Layout Animation
Layout animation changes the position of a specific portion of the network while keeping the rest unchanged. The goal of the layout animation is to highlight specific areas of the metabolic network such as a reaction of interest, selected genes, or specific pathways.
Step by step animation, instead of a sudden change, helps users to keep their mental map of the network intact. Some research has focused on the interpolation for graph animation (Friedrich and Houle 2001; Friedrich and Eades 2002) . However, these algorithms apply to complex position changes in the whole graph or to different clusters in a graph and are much more complex and computationally intensive than is needed for this application. In MetNet3D, only a very small part of the graph is pulled out (and then withdraws to the original position for the turn of the next sub-graph) and the majority of the graph is kept stationary to keep the user's mental model of the network intact. It is not necessary to apply a complex animation method to the whole graph, which usually contains about 1,000 nodes.
Interaction among Users, Metabolic Networks and Gene Expression Data
The natural interaction methods in VR make it easy for users to select objects of interest. Users can either use the joystick to point to an object in VR or retrieve the object lists in the Tweek GUI. Some of the specific interaction methods between the network view and the gene expression data are given below.
• Choosing a cluster of genes to display their expression data. Due to the huge number of genes in large-scale expression studies (e.g. 22,000 for Affymetrix GeneChips), it is impractical to display the expression values for all genes simultaneously.
MetNet3D displays the expression profiles of gene clusters (the left part in Figure 3) and the expression profiles of genes of the current selected cluster (the right part in Figure 3 ).
• Choosing a gene from gene expression profiles. The user can either look at a radial layout of the ROI focusing on the selected gene or watch the animation created by pulling out the reactions the gene participates in from the entire metabolic network.
Both metabolic networks and gene expression data contain the same gene names.
However, not all genes in the expression data link to the networks since even in model organisms such as Arabidopsis, the function of most genes is still unknown.
• Choosing a metabolite from the metabolic network. The scene switches to a fan layout of the ROI focusing on the node. Choosing a node other than the current focus node generates another ROI. A series of ROIs let the user navigate through a pathway.
• Choose a gene from the metabolic network. The expression levels of the selected gene are brought out in front of the user.
Results and Discussion
The utility of the MetNet3D can be demonstrated by examples from the gene expression data from an experiment in carbohydrate metabolism that used Affymetrix ATH1 GeneChip TM data from the Wurtele Lab (Li, Foster et al. 2004 ) and metabolic networks in
Arabidopsis from the MetNet Database and the AraCyc Database (Mueller, Zhang et al. 2003) . Integrating metabolic pathway and gene expression data in three-dimensions with stereoscopic VR enhances visualization, navigation and interaction capabilities. The ability to view multiple types of data at once leads to a better understanding of both pathway and gene expression data. Pulling out reactions of interest from a complex pathway network allows the users to see details of the reactions. Furthermore, the ability to use natural human responses to exploring three-dimensional environments significantly helps in exploring the complex metabolic networks. In a typical desktop setting, if the view presented to the user is confusing, the user must know the specific interactions to change the view point to be able to visually disambiguate the complexity due to overlapping portions of the graph. In the virtual environment, this is done naturally, by simply walking around the graph or moving the head side to side as we do in the real world when something is obstructing our view.
Interaction makes the integration more effective as users do not need to search for a specific node in the pathway network when its expression levels in 3D plot interest them.
Visualizing pathways and gene expression plots in immersive stereoscopic VR gives the users a more realistic feeling and more natural interaction. By displaying pathways and expression data around the user, the user can manipulate them in the same way as they manipulate real objects.
Stereoscopic VR have the potential to help people to understand the interrelationships within the complex metabolic networks and with the gene expression profiling data.
Visualization and navigation in 3D space make it possible and easy to explore much larger data set than in 2D space. Consistent and rich visual metaphors in 3D space simplify the process of knowledge perceiving. Interaction and navigation give users more control of the learning procedure. Current users, some biologists and biology students, use MetNet3D to analyze new data from their experiments, after some training. A formal user study is being designed.
The integration of metabolic pathways and gene expression data in VR environments is a promising new method to explore metabolism. Immersive stereoscopic VR is a relatively new human computer interface compared with the traditional computer screen, mouse, and keyboard. As such, application of immersive VR to bioinformatics raises new research opportunities, but also presents challenges and extends existing areas, such as pathway layout problem. New navigation and data display methods need to be investigated to fully realize the potential of VR for understanding complex data.
